Aim: The validity of meta-analysis is dependent upon the quality of included studies. Here, we investigated whether the design of untreated control groups (i.e. source and timing of data collection) influences the results of clinical trials in orthodontic research. Materials and methods: This meta-epidemiological study used unrestricted literature searching for meta-analyses in orthodontics including clinical trials with untreated control groups. Differences in standardized mean differences (ΔSMD) and their 95% confidence intervals (CIs) were calculated according to the untreated control group through multivariable random-effects meta-regression controlling for nature of the interventional group and study sample size. Effects were pooled with random-effects synthesis, followed by mixed-effect subgroup and sensitivity analyses. Results: Studies with historical control groups reported deflated treatment effects compared to studies with concurrent control groups (13 meta-analyses; ΔSMD = −0.31; 95% CI = −0.53, −0.10; P = 0.004). Significant differences were found according to the type of historical control group (based either on growth study or clinical archive; 11 meta-analyses; ΔSMD = 0.40; 95% CI = 0.21, 0.59; P < 0.001). Conclusions: The use of historical control groups in orthodontic clinical research was associated with deflation of treatment effects, which was independent from whether the interventional group was prospective or retrospective and from the study's sample size. Caution is warranted when interpreting clinical studies with historical untreated control groups or when interpreting systematic reviews that include such studies. Registration: PROSPERO (CRD42015024179).
Introduction
trials of interventions (non-RCTs) are often included in systematic reviews and meta-analyses in orthodontics (3) (4) (5) , which can potentially affect their conclusions. Currently, clinical trials in the orthodontic literature consist of only a modest proportion of RCTs, where patients are randomly allocated to an intervention or a control group, whilst the rest are non-RCTs (3, 6) .
As far as intervention groups are concerned, these can consist of either patients allocated to a prospective interventional group or files from already-treated patients collected to form a retrospective interventional group. Historically, a large proportion of evidence concerning the performance of an orthodontic intervention has stemmed from retrospective studies (5, 7) , although the contribution of prospective studies has increased in the last decades (3, 8) .
The use of control groups in research has one major purpose: to allow discrimination of patient outcomes (e.g. changes in symptoms, signs, or other morbidity) caused by the test treatment from outcomes caused by other factors, such as the natural progression of the disease, observer or patient expectations, or natural growth. As far as control groups are concerned, untreated control groups have been extensively used in a large number of orthodontic clinical investigations (7, 8) . In an ideal clinical setting, patients are randomly allocated to either an active intervention group or to a concurrent untreated control group, where patients are followed parallel to the intervention group. Although untreated control groups enable more accurate estimation of the therapeutic effects by ruling out natural processes (like growth), they are not without problems. The principal difficulties with untreated control groups are that the patients must be followed longitudinally and additional diagnostics need to be collected at various timepoints, including radiographs, which can be problematic to justify (9) . In this sense, and taking into account the problem of radiation exposure to untreated children, orthodontic researchers have attempted to make use of existing cohorts of untreated patients that have been already collected in the last half century to inform clinical trials. Data for such historical control groups might stem from either routinely collected clinical archives at orthodontic university clinics, private practices or large-scale community longitudinal growth studies. The main concerns with historical control groups are imbalance in distribution of patient characteristics, selection bias, and temporal bias. Additionally, the outcomes of such trials pertain mainly to cephalometrics and cast model analysis, which might not reflect contemporary patient perspectives (10) .
Empirical evidence relating to the impact of study design characteristics on treatment effects can be derived from meta-epidemiological studies that integrate data from a collection of meta-analyses (11) . In this collection of meta-analyses, all primary studies (here termed "component trials") are classified according to a specific study-level characteristic and then synthesized. As an example, it has been shown that inadequacies in the generation of a randomization sequence, allocation concealment or blinding in RCTs can lead to biased estimates (12) . Concerning research in orthodontics, empirical evidence has shown that the design of clinical trials systematically influences the magnitude and direction of the results, with non-RCTs, and especially retrospective ones, overestimating treatment effects (7).
Objectives
The primary aim of this meta-epidemiological study was to identify the extent of inconsistent results between orthodontic trials with concurrent control groups and trials with historical control groups. Secondarily, we aimed to assess existing differences in the study results between studies with various forms of historical control groups.
Methods

Protocol and registration
In this report, we adopt previously defined terminology (7) and define as 'systematic review' a structured review with a priori planned procedures of study identification, study selection, data extraction, and quality assessment. We define 'meta-analysis' as the procedure of statistical synthesis of the results of two or more studies. Primary studies (here, clinical trials) included in a systematic review or a meta-analysis are termed 'component trials'. Finally, the pooling of multiple meta-analyses according to a specific factor (e.g. study design) is termed 'meta-epidemiological synthesis'.
As far as intervention groups are concerned, these could be either 1. prospective or 2. retrospective. As far as untreated control groups are concerned, we categorize them as follows: 1. concurrent control group: patients allocated prospectively in an untreated control group, which is actively observed parallel to the interventional group and 2. historical control group: control group formed from patient data already collected prior to the initiation of the study. Sources for historical control data could be either orthodontic longitudinal growth studies or clinical patient archival records (either from the same source as the interventional group or from a different source).
The protocol for this study was registered prospectively in PROSPERO (CRD42015024179) before study initiation.
Eligibility criteria
Eligible for this study were systematic reviews in orthodontics with at least one meta-analysis of interventional studies with untreated control group(s). As a requirement, either the raw data or the calculated standardized mean difference (SMD) had to be reported in the published report. No limitations concerning language, publication year or publication type were adopted.
Information sources and literature search
Study selection was based on previously published meta-epidemiological databases (7, 13) , while systematic reviews were also identified by searching five literature databases from inception to July 2015 without any language, publication year or publication status restriction (Supplementary Table 1 ). Manual searches were performed in MEDLINE, Google, and Google Scholar up to August 2015 for additional clinical trials. Finally, the search was updated in MEDLINE in March 2016 prior to publication.
Study selection
The titles of all obtained reports were screened by two authors (SNP, VK). Subsequently, after acquiring the full-text of all possibly eligible systematic reviews, the same two authors (SNP, VK) applied independently the eligibility criteria to their abstracts and, if needed, to their full-text, while a third author resolved conflicts (AJ).
Data collection
A pre-defined form was used to extract the characteristics of included systematic reviews by one author (SNP), while a second author (VK) checked all data by reading again the systematic review report. Extracted data included the review's Pubmed unique Identifier, subject, and number of performed meta-analyses. All meta-analyses from the included systematic reviews were extracted and data was collected including: subject, intervention, number of trials, and raw study-level data (when available). When these data were not provided, we read the full-text of the trials and extracted them. Multiple meta-analyses were extracted from a systematic review only when the component trials or their outcomes differed. Subgroup analyses were ignored, if an overall pooled estimate of the subgroups was given. When the subgroups were not pooled together, data were extracted from the largest subgroup.
Regarding the included component trials, MEDLINE was searched through PubMed in order to assign a Pubmed unique identifier to each one of them. Trials not indexed in MEDLINE were manually assigned a unique identifier and the full-texts of all included trials were acquired. To remove trial overlaps among reviews, we merged similar meta-analyses from different reviews and also added any manually identified additional trials. Data collected at the component trial level included the design of each included component trial, the enrollment/allocation source of the patients in the experimental (interventional) group(s), and the untreated control group. Data extraction and characterization of study design was performed independently by two authors (SNP, VK) based on the full-text of each review/component trial, as misclassification of study designs in the orthodontic literature has been reported. In one instance, where no final judgment about trial design could be made, the trial was omitted. A preliminary calibration between the two authors responsible for extraction (SNP, VK) was conducted prior to the actual extraction procedures until perfect consensus was reached.
Data synthesis
Calculating effects within each meta-analysis
For all included meta-analyses, the SMD was chosen as the effect measure because it standardizes estimates by their variability and enables overall synthesis (14) . After the initial construction of the meta-epidemiological database, it became apparent that numerous secondary cephalometric outcomes were included, and objective judgments about their beneficial/detrimental direction were not possible, which precluded expressing all meta-analyses on a universal direction. It was decided post hoc, therefore, to include from each systematic review only the main outcomes that included the largest number of studies and pertained directly to the problem addressed. All SMDs were recoded on the same direction, so that a positive SMD was beneficial. When trials with more than one experimental (interventional) trial arms were included, these arms were pooled prior to the meta-analysis to avoid double-counting of control patients.
Random-effects meta-regression was performed, fully incorporating heterogeneity between-trials, to derive a 'difference in SMDs' (ΔSMD) and the standard error for each meta-analysis, according to the design of the untreated control group. An iterative residual maximum likelihood algorithm was used for the estimation of betweenstudy variance, due to its performance (15) , and the Knapp-Hartung modification (16) was used for the calculation of the ΔSMDs, which accounts for the uncertainty in the heterogeneity estimate (17) . The magnitude for SMDs and ΔSMD was assessed with the following guidelines (0.2 = small effect; 0.5 = medium effect; 0.8 = large effect) (14) . These cut-off values were arbitrarily adopted to visually enhance the produced forest plots.
Two statistical comparisons were conducted: 1. concurrent or historical control groups, and 2. historical control groups based on growth studies or on clinical patient archival records. Supported by existing empirical evidence (7, 13) , all analyses were adjusted via multivariable meta-regression for the nature of the interventional group (prospective/retrospective) and differences in the sample size among trials. The effects of these confounders on the results of the trials were noted, but are not discussed in detail, as they fall outside the scope of this study.
Meta-epidemiological synthesis among meta-analyses
The ΔSMDs among meta-analyses were pooled with the metan macro (random-effects model based on the DerSimonian and Laird method). Between-meta-analysis heterogeneity was assessed with the heterogeneity parameter τ 2 , whilst between-meta-analysis inconsistency was quantified with the I 2 statistic, defined as the proportion of total variability in the results explained by heterogeneity (18) . The 95% uncertainty intervals (similar to CIs) around the I 2 were calculated using the non-central χ 2 approximation of Q. 95% predictive intervals were calculated for the ΔSMD, which incorporate existing heterogeneity and provide a range of possible effects for a future meta-analysis (19) . All analyses were run in Stata SE 13.0 (StataCorp, College Station, Texas, USA). A two-tailed P-value of 0.05 was considered significant for hypothesis-testing, except for a 0.10 used for the test of heterogeneity and reporting biases (20) .
Additional analyses
Mixed-effects subgroup analyses were performed to identify possible differences in the role of the control group according to the various fields of orthodontics. Additional subgroup analyses were planned, but could not be performed due to limited data (see protocol). Indications of reporting biases (including small-study effects) were assessed with Egger's linear regression test and contour-enhanced funnel plots, if 10 or more meta-analyses were included in a metaepidemiological synthesis.
Sensitivity analyses
Sensitivity analyses were performed by 1. comparing the results of fixed-effect and random-effects models (as no strict guidelines exist regarding model use in meta-epidemiological studies); 2. including one meta-analysis per systematic review; 3. including only the largest meta-analysis from each comparison; and 4. including only the most precise 50 per cent from the number of eligible meta-analyses (i.e. having the lowest standard error) for each comparison. Supplementary Figure 1 gives an overview of the study's procedures.
Results
Study selection
Following an initial screening of the pre-existing database and manual literature update, a total of 294 relevant systematic reviews were identified (Figure 1) . A total of 280 systematic reviews were excluded after consideration (Supplementary Table 2 ), leaving 14 relevant reviews (Supplementary Table 3 ) with 122 meta-analyses for inclusion. After the addition of manually identified 12 trials and the merging of similar meta-analyses to remove overlaps, a total of 65 meta-analyses with 132 unique component trials (493 trials with overlap) were included.
Study characteristics
A total of 132 unique component trials were identified from the electronic and manual search, while 10 of them were excluded for having no untreated control group (Figure 1) , leaving 122 trials. The overview of these trials is provided in Table 1 and the nature of the experimental and control groups are provided in detail in Supplementary  Table 4 . Patients were allocated to a prospective intervention group in 58 per cent of the trials (25 per cent random allocation-33 per cent non-random allocation), while patients were allocated prospectively to a concurrent control group in 39 per cent of the trials. On the other hand, historical control groups were used in 62 per cent of the included trials. This means that there were also prospective clinical trials were patients were actively allocated to an intervention group, while the untreated control group consisted of existing (retrospective) patient data. The historical control groups consisted of growth studies in 28 per cent of the cases and clinical archives in 34 per cent of the cases (28 per cent from the same and 6 per cent from another source as the interventional group). A total of 31 trials included a growth study control, with the most used growth study being the Michigan study (n = 24), and the Denver study (n = 9), and the Bolton-Brush study (n = 4) (Supplementary Table 5) .
Results of individual studies and data synthesis
Historical versus concurrent controls
After excluding meta-analyses of secondary outcomes that could not be objectively classified as beneficial or detrimental (Supplementary Table 6 ), a total of 28 meta-analyses were considered eligible. From these, 13 meta-analyses with 171 trials and 9805 patients included both historical and concurrent control groups and could be pooled, while adjusting for nature of interventional group (prospective/ retrospective) and sample size. On average, trials with historical controls showed smaller treatment effects compared to trials with concurrent controls (adjusted ΔSMD = −0.31; 95% CI = −0.53, −0.10; P = 0.004; Table 2 and Figure 2 ).
Historical controls type
A total of 11 meta-analyses with 108 trials and 6439 patients included historical controls from both growth studies and clinical archives and could be pooled. On average, trials with historical controls from growth studies showed larger treatment effects compared to trials with historical controls from clinical archives (adjusted ΔSMD = 0.40; 95% CI = 0.21, 0.59; P < 0.001; Table 2 and Figure 3) . 
Additional analyses
According to the subgroup analyses (Table 3) , no difference was found among the identified orthodontic fields for the comparison of historical versus concurrent controls (P among subgroups = 0.867). Likewise, no indications of reporting bias and small-study effects among meta-analyses could be found with Egger's test (intercept = −0.49; 95% CI = −1.14, 0.16; P = 0.129) or through inspection of the funnel plots (Supplementary Figure 2) . On the other hand, considerable variation of ΔSMDs was found among the various orthodontic fields for the comparison of growth study versus clinical archive historical controls, although no significant difference was found (P among subgroups = 0.400). Finally, indications of reporting bias and small-study effects among meta-analyses could be found with Egger's test (intercept = −0.53; 95% CI = −1.10, 0.05; P = 0.069) and through inspection of the funnel plots ( Supplementary  Figure 2) , although these were not statistically significant.
Sensitivity analyses
For both meta-epidemiological comparisons the results of the sensitivity analyses were similar to the original analyses (Table 3) , with consistent direction, but hampered precision following reduction in the sample size.
Discussion
Summary of evidence
As far as we are aware, this is the first empirical study to assess the influence of the control group's nature on the results of orthodontic clinical trials. Despite the relatively restricted sample of included meta-analyses, the design of the control group influenced the meta-analysis results, independently of the design of the intervention group.
Based on the empirical evidence, the results from trials with concurrent controls differed from trials with historical controls (Table 2) . Moreover, as multivariable meta-regression was used, this difference was irrespective of the nature of the experimental group (whether this was prospective or retrospective) and the trial's sample size. This could be interpreted as an un-confounded sign of bias directly originating from the nature of the control group. Historical controls in orthodontics are used more often (12 per cent) (8) compared to other disciplines, like plastic and reconstructive surgery (3 per cent) (21) . In one of the earliest assessments of the control group's design, Sacks et al. (22) compared the results of RCTs and historical-controlled trials in six medical fields including cirrhosis, coronary surgery, myocardial infarction, cancer, and habitual abortion. They found that the overall probability of a treatment to be proven effective by a trial with historical control was increased by 293-383 per cent compared to RCTs, even when the former was matched/adjusted for known prognostic factors. Additionally, the probability of a trial with historical control reporting a significant treatment outcome (P < 0.05) was increased by 181 per cent compared to RCTs. Possible explanation for these discrepancies might be bias originating from the control group design or increased risk of publication bias (22) . This is also in agreement with recent empirical evidence indicating that non-RCTs are associated with excess statistical significance (23) . Additionally, secular trends have been reported to exist in the widely used orthodontic growth studies, with different birth cohorts having distinctive growth patterns (24) . Overall, the use of historical controls seems to be associated with systematic bias, independently of the intervention group and should therefore be avoided, if possible. Altman and Bland (25) likewise Cat, category; MA, meta-analysis; ΔSMD, difference in standardized mean differences (due to recoding, negative values indicate smaller treatment effect for studies in the first category); CI, confidence interval.
*P < 0.05, **P < 0.01, ***P < 0.001.
suggested that the use of historical controls can be justified only in tightly controlled situations of relatively rare conditions, such as in evaluating treatments for advanced cancer (26) . Additionally, the results from trials with growth study historical controls differed from trials with clinical archive historical controls (Table 2 ). This might indicate that different extents of bias might be attributed to the various types of historical control groups. Subgroup and sensitivity analysis indicated that differences might exist according to the various orthodontic fields (ΔSMDs of 0.40 and −0.81 for Class II and Class III treatment, respectively), while possible signs of small study effects were also identified, although both were not statistically significant. In any case, due to the small number of contributing meta-analyses and the contradicting effect directions, the credibility of these subgroups is low.
Ethical considerations should also be taken into account, when choosing the appropriate control group. When a therapy is intended to treat a serious illness for which there is no satisfactory standardof-care, especially if this new therapy is seen as promising on the basis of theoretical considerations, animal data, or early human experience, there may be understandable reluctance to perform a comparative study with a concurrent control group of patients who would not receive the new treatment. At the same time however, it is not responsible or ethical to carry out studies that have no realistic chance of credibly showing the actual efficacy of the treatment (27) . Alternatively, and generally preferably, even the earliest trials for a new treatment could be randomized and carefully monitored by independent sources for early signs of clear benefit. Trials with concurrent control groups can detect extreme effects very rapidly and, in addition, can detect modest, but still valuable, effects that would not be credibly demonstrated by trials with a historical control group (27) .
Furthermore, although this was not the primary scope of this study, empirical evidence indicated that retrospective trials are associated with inflated treatment effects compared to prospective trials (Supplementary Table 7 ). This can be interpreted as bias originating from retrospective trial design, which is likewise independent of the nature of the control group (whether this is concurrent or historical). Additionally, the extent of bias of retrospective trials identified in this study is larger than previous evidence (ΔSMD of −0.49 compared to a ΔSMD of −0.30 from a previous study (7) ). This might be attributed to the different sample of meta-analyses used by the two studies, as only meta-analyses with untreated controls were included in this study. Alternatively, this might be attributed to the fact that multivariable meta-regression was applied in this study, to factor out the confounding effect of the control group design, thereby identifying the 'pure' influence of the interventional group's design. A tendency for RCTs to agree more with prospective compared to retrospective non-RCTs has been described (28) . This can be explained by the fact that retrospective trials are more prone to selection bias, observation bias, and confounding by indication than prospective trials. It is also possible that many retrospective trials are conducted using data that have been collected for other purposes and therefore may not be as complete or unbiased as one would wish (29) .
When incorporating non-randomized clinical trials in systematic reviews, it will always make sense to explore potential sources of heterogeneity as well as adopt a random-effects approach to acknowledge the unexplained heterogeneity (30, 31) . Various methods have also been suggested to inform the meta-analysis results about the extent of bias by empirically based priors (32) or directly by mixed treatment comparison meta-analysis (33), but are not widely used and may require specialized statistical expertise and software (34) .
Strengths and limitations
The strengths of this study include the extensive literature search, which was not restricted to orthodontic journals and the a priori registration with transparent reporting of all post hoc changes (Supplement). Also, misclassification of component trials was minimized, as the full texts of every component trial in the meta-analyses were acquired and assessed first-hand. Furthermore, the calculations of ΔSMDs took into account the heterogeneity between studies in each meta-analysis, while the heterogeneity did not pose a great problem for the meta-epidemiological synthesis (35) . The magnitude of the control group's influence was small to medium, meaning that the observed differences could possibly have a bearing on the clinical decision regarding this treatment. Finally, the results of the meta-epidemiological analyses for both comparisons were rather robust, as seen from the sensitivity analyses.
There are also some limitations to this study. Due to the inclusion criteria of this empirical assessment, only a subsample of existing metaanalyses could be included. For example, meta-analyses including only one type of control group were excluded, limiting the final sample of eligible meta-analyses. As with all epidemiological studies, various interventions and various outcomes were pooled together, although this was facilitated appropriately with the SMD. Additionally, since the SMD was used as effect measure, the results of the meta-analyses are dependent on the observed variation across studies. Post hoc power calculation (36) indicated that a total of at least 17-20 meta-analyses would be needed to achieve an 80 per cent power for the comparison of historical versus concurrent controls. This indicates that the statistical power of the present study could be improved by the addition of more meta-analyses. As however the effect of historical controls was consistent in all included meta-analyses, the overall effect was statistically significant, and no asymmetry was seen in the funnel plot, low power doesn't pose a threat to the credibility of the results. Additionally, some variation in the observed results might be due to inadequate matching between intervention and historical control groups, although it is expected that authors of such studies have carefully planned this aspect of their study. Finally, the use of design labels for trial groups as 'prospective' and 'retrospective' is ambiguous and, based on personal judgment of the authors, might not always reflect the truth.
Conclusions
Existing evidence from orthodontic meta-analyses indicates that systematic differences exist between trials with concurrent untreated controls and trials with historical untreated controls. Additionally, these differences are independent from previously identified differences between trials with prospective or retrospective intervention groups. Finally, no consistent difference could be found between MA, meta-analysis; ΔSMD, difference in standardized mean differences; CI, confidence interval; P SG , P value among subgroups. *P < 0.05, **P < 0.01, ***P < 0.001.
historical control groups from growth studies and historical control groups from clinical archives, although imprecision and small-study effects for this comparison cannot be ruled out.
Implications for future research
• Clear reporting of the nature of both experimental and control groups, preferably in the title or abstract, is suggested.
• For clinical questions, where comparisons with untreated controls are needed, systematic reviews should preferably include studies with concurrent untreated controls.
• In case untreated concurrent controls might be judged unethical, these can be substituted by active control groups, where patients receive a standard-of-care therapy.
• If no such trials are available or if authors decide to also include studies with historical controls, the authors could perform sensitivity analyses to check the robustness of the results.
• Conclusions from systematic reviews based solely on trials with historical control groups, and especially trials with retrospective interventional groups and historical control groups, should be viewed with caution.
